Abstract Many invasive and non-invasive techniques have been used to analyze the hydrodynamics of fluidized beds. In this study, the effect of superficial gas velocity and bed particle density on the hydrodynamics of gas-solid fluidized beds was investigated by using a cylindrical plexiglas fluidized bed column, 14 cm in diameter. Air at room temperature was used as the fluidizing gas and two different Geldart type-B particles were used: glass beads and copper particles with material densities of 2.5 and 5.3 g/cm 3 , respectively, with the same size particle, 210 lm. To measure the time-averaged cross-sectional gas and solid holdup distribution, gamma ray computed tomography was used for the first time as a non-invasive technique instead of using X-rays (due to the height attenuation of the copper particles). The results show that gas holdup increases by increasing the superficial gas velocity, and decreasing the particle density increases the gas holdup in the bed.
Introduction
Contacting solid particles with gases is often a necessity in many industrial operations. The gas-solid fluidized bed reactor is one of the most widely employed gas-solid reactors. Fluidized beds provide good mixing, height mass, and heat transfer rates between gas and solid particles, low pressure drop, approximately uniform temperature distribution, and the ability to fluidize many particle types of different densities and sizes. Due to these advantages fluidized bed reactors (FBRs) are extensively used in many industrial applications such as drying granular materials, cooling of fertilizers, coal combustion and gasification, chemical process, gas phase polymerization, and for various uses in the pharmaceutical and petroleum industries [1] .
Phosphate rock deposits vary in composition. To prepare the phosphate rock for making phosphoric acid, which is then utilized in subsequent reactions (i.e., the manufacture of triple superphosphate and for other valuable products), it is necessary to beneficiate the phosphate rock by removing certain impurities. Very often, a substantial amount of limestone (CaCO 3 ) is associated with the phosphate rock, and a calcining operation is indicated to drive off the CO 2 . One commercial method for the calcination of phosphate rock employs a fluidized bed reactor. In this process, finely divided phosphate rock is dried in the first fluidized bed and then transported to a second fluidized bed, where calcination takes place. Drying is very important process, as effective moisture removal defines the process' efficiency and the subsequent unit operations. The drying process can be characterized as a gas-solid fluidized bed system.
The performance of these multiphase fluidized bed reactors greatly depends on their hydrodynamic properties, therefore, understanding the hydrodynamics behavior of fluidized bed reactors is essential for their proper design, effective scale-up, and efficient operation.
Although considerable research efforts have focused on the hydrodynamics of the fluidized bed, such as studying the shape and size of bubbles/void, the solid concentration, solid holdup distribution, gas holdup distribution at different gas velocities, and turbulence parameters (Reynolds stress, normal stresses, turbulent kinetic energy, turbulent eddy diffusivities, etc.). The lack of accurate, instantaneous, and simultaneous techniques for measurement along the bed cross section prevents a precise description of the dynamic flow behavior in the fluidized bed.
In order to obtain deeper insight into a highly complex gas and solid flow system, detailed and accurate experimental works are obviously important. The hydrodynamic properties in a fluidized bed can be measured using invasive techniques, such as the capacitance probe and the optical fiber probe. These approaches cannot adequately monitor internal flow features. Also, since fluidization is a dynamic process, invasive monitoring methods can influence the internal flow, In addition, it is, difficult to measure the simultaneous flow variations across the bed with such tools. Instead, such measurements need to be carried out with non-invasive techniques, such as the pressure transducer and tomography techniques, e.g., electrical capacitance tomography (ECT), x-ray computed tomography, and c-ray computed tomography (CT). Among various tomography techniques, the c-ray computed tomography technique exhibits versatility for practical usage for the imaging of multiphase flow systems and suitability for height attenuation particles, as well as for small and large vessels.
One of the earliest applications of computed tomography (CT) to two-phase flow was the study by Fincke et al. [2] ; they obtained the density distributions for a horizontal air-water flow in a 3-inch diameter pipe. Nine detectors arranged in an arc were used and 21 views at 9°increments were obtained for a total of 189 data values. From this data they were able to obtain density maps corresponding to different flow regimes.
Seville et al. [3] used a single-source single-detector arrangement capable of translation and rotation about the test section. They obtained the voidage structure in the jet region of a fluidized bed. The total time for scanning one section was 6-7 h.
Banholzer et al. [4] , used a medical x-ray CT scanner to conduct a feasibility study on a model fluidized bed (43-mm ID and 150-mm long) under a range of experimental conditions. A spatial resolution of 1.5 mm and a density resolution of better than 30 kg m 3 were achieved. Grassler and Wirth [5] , used x-ray computed tomography (CT) imaging to determine the solid concentration in a 0.19-m diameter circulation fluidized bed with 50-70 lm glass beads as the bed material, they showed that the radial solid concentration exhibited a parabolic shape with a maximum concentration close to the wall of the reactor and a minimum concentration in the center of the bed. X-ray computed tomography (CT) imaging was used by Escudero et al. [6] to determine bed height and material density effects on fluidized bed hydrodynamics in a 10.2 cm fluidized bed, using low-density materials. They used three different materials Geldart type-B particles (glass beads, ground walnut shell, and ground corncob) with material densities of 2.6, 1.3, and 1 g/cm 3 , respectively. Results showed that decreasing the bed density increased the gas holdup in the bed.
Escudero et al. [6] , also studied the profiles of solid holdup for low-density materials. By treating three different Geldart type-B particles at various superficial gas velocities at specific H/D ratios it was found that the solid holdup decreased by increasing the superficial gas velocity.
Zhu et al. [7] determined the solid volumetric fraction (1 -e g ) in gas-solid systems for bubbling and turbulent fluidization regimes. The turbulent regime showed that solid concentrations were not uniform in the axial or radial direction. In the bubbling regime the non-uniformity increased as the superficial gas velocity increased.
Du et al. [8] measured the solid concentration for bubbling and turbulent fluidized beds. Results showed that at high superficial gas velocities, especially in the turbulent regime, the cross section solids holdup exhibited a radially symmetric distribution, which was not the case for the bubbling regime. At low superficial gas velocity in the bubbling regime, dispersed bubble produced a lower solid concentration (high solid holdup) in the center of the bed.
Mabrouk et al. [9] studied the axial and radial profiles of the solids holdup using an optical fiber probe and radioactive particle tracking (RPT) technique. The axial solids holdup profiles obtained by an optical fiber needle probe and radioactive particle tracking technique show a quasi-linear profile.
Experimental set-up
A cold-flow fluidized bed was used in this study, with outside diameter 14 cm and height 168 cm. A schematic diagram of the set-up used in this study is provided in Fig. 1 . The fluidized bed column was constructed from plexiglas and consisted of two pieces (column and cone) attached to a plenum base. Connected from the top with an upper section that had a diameter of 42 cm and was 84 cm tall, this upper section of the fluidized bed had a larger diameter to reduce the superficial gas velocity of the gas phase and thus enhance the solids separation. The column sat at the top of a stainless steel base. A porous polyethylene sheet with a pore size of 40 lm was employed as the gas distributor. The plenum was located at the bottom. The fluidized bed column was electrically ground to minimize electrostatic effects. Air under ambient conditions was the fluidizing gas. The gas flow rate to the unit was controlled by rotameters.
Measurement techniques Computed tomography (CT)
CT facility and measurement procedure
The DSCT scanner at Missouri University of Science and Technology which was developed by Varma [10] with support from the Department of Energy (DOE) was used in this work to determine the time-averaged cross-sectional variation of gas and solid holdups at the operating conditions previously outlined (see Table 1 ). The CT used in this study was based on a newer generation of double fan-beam scanning configuration. Details on both the hardware and the software used in this study have been described by Varma and Al-Dahhan [11] , Varma et al. [12] . A photograph of the CT facility used in this study is pictured in Fig. 2 .
The scanner's configuration consisted of two independent gamma ray sources, encapsulated Cesium (C-137) and Cobalt (Co-60), with initial strengths of (*250 mCi) and (50 mCi), respectively (dual source CT), as well as two arrays of fifteen NaI scintillation detectors located opposite each source for imaging the phases. The sources and detectors are built on a rotary plate that moves them together 360°around the studied object, providing 197 views in each scan and 21 projections in each view. The entire assembly could be moved up and down along the column to scan the object at different axial positions (see Fig. 3 ). Each detector consists of a cylindrical NaI crystal measuring 2 00 in both diameter and length, a photomultiplier and electronics.
Each of these detectors was collimated with a lead collimator. Collimators had approximately an open aperture 2 mm 9 2. This aperture reduces the crystal's effective exposed area to a rectangular region and the counts received by the detectors are limited to what is incident on this aperture. CT scan sampling rate was 60 samples at 10 Hz, which took approximately 7.2 s to finish a 50 projection and 8.25 h to finish a comprehensive scan.
Steps of scanning
In this study, CT experiments were performed under a twophase condition (gas and solid). To measure the crosssectional distribution of each phase, the Cesium (Cs-137) source was used to measure the phase holdup distribution. The fluidized bed column's cross section was divided into n 9 m square pixels and the following CT scans were performed:
1. Scanning the column empty as reference CT scan. 2. Scanning the column filled with solids (glass beads). 3. Scanning the column at normal gas-solid operations at the desired conditions.
The attenuations were measured along a number of beams paths through the column from different angles. Based on Beer-Lambert's Law, the attenuation through the materials along the beam path is expressed as follows:
where (T) is the transmission ratio, (I 0) is the incident radiation, (I) is the detected radiation, (l) is the mass attenuation coefficient, (q) is the medium density, (l) is the path length through the medium. The measured quantity ln (I/I 0 ) (called A, for simplicity) is equal to the integral sum of the attenuation through the material along the beam path.
To obtain statistically significant results and to reduce the effect of position, the CT scans were obtained by scanning 360°around the column for a total scanning time of about 8 h. If the scanned cross section is divided into pixels or cells and the medium comprises two materials (gas and solid), (l s ) is mass attenuation coefficient for solid, (l g ) is mass attenuation coefficient for gas, q is the medium density, (q s ) solid density, (q g ) gas density, and thickness (l g ), (l s ) for gas and solid phases, respectively, then the total attenuation is
where L ij = Ls, ij ? Lg, ij , Ls, ij = e s,ij L ij and Lg, ij = e g,ij L ij , where L ij is the total length between the source and the detector. e g,ij , e s,ij are the holdups (volume fractions) for the gas and solid phases. Minimum fluidization velocity (cm/s) 12 20 Fig. 2 The CT with a 0.14-m fluidized bed reactor used in this study 
The summation of the holdups is equal to unity (i.e., e g,ij = 1 -e s,ij ).
Since q g ( q s , the attenuation caused by the gas phase is negligible compared to the solids, and L is common for all A s . Hence, solids holdup for the line averaged measurement can be written as follows:
Finally, the gas holdup was determined using the expression
CT reconstruction algorithm
The reconstruction algorithm proposed and used by Varma and Al-Dahhan [11] , Varma et al. [12] was implemented to reconstruct the cross-sectional distribution of relative attenuation in a two-phase system. We proposed an alternating minimization (AM) algorithm based on turning a maximum likelihood problem into a double minimization of I-divergence introduced by Csiszár [13] . I-divergence is a measure of inconsistency between two functions, a(y) and b(y) [13] , which is given as 
where Y is a finite dimensional space. The function a(y) is taken to be the measured data, while b(y) is taken to be a nonlinear model [14] . Let q(y:l) be defined based on Beer Lambert's law for the transmission of photons [10] , as follows:
where I 0 (y) is the incident intensity, b(y/x) the length of projection y in pixel x, q(y:l) represents the transmission of photons and is a function of the attenuation, and b(y) represents a Poisson random number d(y). Equation (1) 
The algorithm minimizes the left term in Eq. (12) with respect to the attenuation (l). More details and mathematical proofs regarding the AM algorithm are available elsewhere [15] . In this work, the AM algorithm was used to reconstruct images that represent attenuation of the gassolid system. For local holdup/attenuation measurements computed tomography (CT) is used.
CT validation
Before implementing the computed tomography (CT) technique, it is advisable to test the ability of the CT set-up to obtain the time-averaged cross-sectional and radial profile of phase holdup distribution by using phantom which is designed to represent multiphase systems. The object represented in Fig. 4a was made of perspex. The phantom consists of two sections. The inner section is a tube with 7.6 cm in diameter which is filled with air. The outer section is filled with water and has a diameter of 14 cm. The dimensions of the phases obtained by CT were well close to the phantom's dimensions with discrepancy of 0.92 % (see Fig. 4 ).
Results and discussion

Reproducibility of CT measurements
All CT scans were acquired at one fixed axial position, H/D = 1.7 (fully developed region). CT measurements were repeated in the 14-cm diameter column with the glass bead-gas system on two successive days to demonstrate the reproducibility (runs no. 1 and no. 2 in Figs. 5 and 6 ). The time-averaged cross-sectional gas holdup distributions (Fig. 5 ) and the radial gas holdup profiles (Fig. 6 ) exhibit good reproducibility, Fig. 5a , b exhibits similar cross-sectional gas holdup distributions to those obtained for runs no. 1 and no. 2, the results correspond to the superficial gas velocity of 25 cm/s and the axial location of H/D = 1.7 (from the distributor). At most radial positions, the radial gas holdup values were almost identical. The few differences were accepted because they were within ±4.5 % error.
Overall gas holdup was measured at the same operating conditions using bed expansion as another independent technique to estimate the accuracy of the holdup data reported in this paper. It was found that the difference between the cross-sectional averaged holdup obtained by CT and the overall holdup by bed expansion was about 4.7 %.
Cross-sectional and radial profiles of phase holdups distribution
The reconstructed image, processed from data obtained through CT scans, provides the cross-sectional time-averaged gas and solid holdups distribution. The effect of the superficial gas velocity on both the time-averaged gas and solid holdups (gas holdup ? solid holdup = 1), and radial profiles at different superficial gas velocities was investigated. An offering an idea of how gas and solid are distributed through the column (see Fig. 7 ). The change in the gas and solid holdup magnitude values was indicated by the color variation. Red indicates a higher gas holdup value while blue indicates a lower value of gas holdup. In general it can be observed that, gas holdup is higher in the center and lower near the wall. At lower superficial gas velocity, Fig. 4 a Picture of 14 cm phantom (perspex) used in the CT scan experiments with two phases: (air in the inner tube and water in the outer section), b the mass attenuation coefficient distribution for the two phases Phantom Fig. 5 Reproducibility of CT measurements for crosssectional gas holdup distribution: glass beads-gas system, a run no. 1, and b run no. 2 Fig. 6 Reproducibility of CT measurements for radial gas holdup profiles: superficial gas velocity Ug = 25 cm/s; axial level H/D = 1.7, glass beads-gas system relatively uniform distribution of gas holdup can be observed.
Effect of gas velocity on time-average gas and solid holdups
The effect of the superficial gas velocity on the time-averaged gas holdup radial profiles at different superficial gas velocities was investigated. The effect of increasing the superficial gas velocity at constant mass flux can be understood to decrease the solid holdup due to the increase in the solid velocity. Since the gas injection is the only source of energy that drives the solids. Therefore, with an increase in the superficial gas velocity, the magnitude of the value of the gas holdup (void fraction or volumetric gas fraction) increased along the radial position (gas holdup ? solid holdup = 1). The gas holdup (void fraction) data at specific axial position (H/D = 1.7) were averaged over the cross section by numerical integration based on the trapezoidal rule e ¼ 2 R
This cross-sectional averaged value (void fraction) was about 0.32 at superficial gas velocity 20 cm/s and the magnitude of the gas holdup (void fraction) increased by 42 and 56 % when the superficial gas velocity increased from 20 to 25 cm/s and from 20 to 35 cm/s, respectively. Figure 8 , shows that the local gas holdup was greater near the center-line of the bed compared to that near the wall; Fig. 7 , shows the cross-sectional, time-averaged gas and solid holdup distributions obtained using the gamma ray computed tomography technique for glass bead particles at various superficial gas velocities (25, 30, and 35 cm/s). The change in the gas holdup magnitude values was indicated by the color variation. It was observed that gas holdup increased as the superficial gas velocity increased; this was due to a higher volume of air passing through the bed, and confirms a trend identified by Mabrouk et al. [9] . In addition, increase in superficial gas velocity enhances mixing throughout the bed, and also increases the bed expansion and the overall gas holdup in the system. An image of this cross section is presented in Fig. 7 ; for Ug = 25 cm/s, a high local gas holdup is concentrated in the center of the bed and extended to the region near the bed wall. This behavior indicates that the air is flowing throughout the bed.
Increasing the superficial gas velocity to 30 cm/s enhances mixing throughout the bed, and higher gas holdup is located in the core of the bed, while lower solids holdup (solid concentration) is found along the bed walls, as can be seen in Fig. 7 . This behavior indicates that, the air is flowing mostly through the center of the bed; the local gas holdup is more symmetrically distributed through the bed.
When the superficial gas velocity further increased, (Ug = 35 cm/s), large bubbles erupted from the bed near the center, throwing glass beads against the wall, which fell back into the bed. These hydrodynamics created a high gas holdup region in the center of the bed, while lower gas holdup regions (higher solids concentration) were found along the bed walls.
To examine further the relationship between the changes of local gas concentration and changing of superficial gas velocity and spatial position, the representing probability density function (PDF) was studied. Figure 9 displays the probability density functions of the gas holdup distribution values in the pixel cells. PDF characterizes the gas holdup variation values along the pixel cells at different superficial gas velocities. The variation in the corresponding mean, variance, and standard deviation, which were directly calculated by MATLAB functions, increased with an increase in superficial gas velocity. The maximum variance of gas holdup was found to be less than 1.4 %, while the standard deviation varied less than 12 %.
Effect of particle density on time-averaged gas and solid holdups
The fluidization hydrodynamics of two bed materials (glass beads and copper particles) were compared in this study. Figures 10 and 11 show the reconstructed image for both glass beads-gas and copper particle-gas systems, respectively, at 25 and 30 cm/s superficial gas velocity, respectively. Figure 12a , b shows the time-averaged radial gas and solid holdup profiles obtained by averaging the data at H/D = 1.7 (fully developed region) for both glass beadsgas and copper particle-gas systems, respectively, at 25 cm/s superficial gas velocity, while Fig. 13a, b shows the time-averaged radial gas and solid holdup profiles obtained for both glass beads-gas and copper particle-gas systems, respectively, at 30 cm/s, superficial gas velocity. It can be observed that the local time-averaged gas holdup is a function of the bed material density, as the material density decreased, gas holdup increased and solid holdup decreased (gas holdup ? solid holdup = 1). The bed with copper particles was shown to have lower gas holdup than the glass bead bed, which exhibited a higher gas holdup. In addition Figs. 12 and 13 show that the general fluidization behavior was similar for glass beads and copper particles, with a region of higher gas holdup in the center, and a region of low gas holdup (higher solids concentration) near the walls. Similar results were revealed by Franka [16] for two different 3D beds and Escudero et al. [6] .
Conclusions
This study is part of a much more extensive investigation that includes many laboratory experiments. High resolution gamma ray computed tomography was successfully applied for the determination of phases fraction distributions (gas holdup and solid holdup). The changes of local solids concentration reflect the interactions between gas and solids phase, which can influence the apparent reaction and mass and heat transfer in the fluidized beds, which furthermore can influence the overall reaction rate in fluidized reactors. Gamma ray CT is particularly useful in visualizing fluidized beds, and can provide a detailed 3-D timeaveraged density map of the flow structure. Time-averaged gas and solid holdup distributions were measured in a 14 cm fluidized bed column using gamma rays instead of X-rays (due to the height attenuation of copper particles) at different superficial gas velocities, (25, 30, and 35 cm/s), which cover the fluidization and bubbly flow regimes. To investigate the effect of superficial gas velocity and particle density on phase holdup distribution (gas holdup and solid holdup), glass beads and copper particles were used as the bed materials. It was observed that, the gas holdup increased with an increase in the superficial gas velocity. A rise in the superficial gas velocity was also found to affect the internal flow structure, enhancing mixing in the bed and producing a more homogenous bulk bed. In addition, while superficial gas velocity significantly affects fluidization hydrodynamics, it appears that changes in the superficial gas velocity do not significantly affect fluidization symmetry as it can be seen in Figs. 7, 10, and 11.
In addition, local time-averaged gas holdup is a function of bed material density, The two materials (glass beads and copper particles) exhibited a similar fluidization structure, with a region of higher gas holdup in the center and a Fig. 10 Time-averaged cross-sectional gas and solid holdup distribution for glass bead-gas and copper particle-gas systems respectively at 25 cm/s Fig. 11 Time averaged cross-sectional gas and solid holdup distribution for glass bead-gas and copper particle-gas systems, respectively, at 30 cm/s Fig. 12 Radial profiles of gas and solid holdups for glass beads and copper particle at Ug = 25 cm/s Int J Ind Chem (2015) 6:143-152 151 region of low gas holdup (higher solids concentration) near the walls.
